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(57) ABSTRACT 

An imaging device capable of obtaining image data with a 
Small amount of X-ray irradiation is provided. The imaging 
device obtains an image using X-rays and includes a Scintil 
lator and a plurality of pixel circuits arranged in a matrix and 
overlapping with the scintillator. The use of a transistor with 
an extremely small off-state current in the pixel circuits 
enables leakage of electrical charges from a charge accumu 
lation portion to be reduced as much as possible, and an 
accumulation operation to be performed Substantially at the 
same time in all of the pixel circuits. The accumulation opera 
tion is synchronized with X-ray irradiation, so that the 
amount of X-ray irradiation can be reduced. 
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1. 

IMAGING DEVICE AND METHOD FOR 
DRIVING THE SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
One embodiment of the present invention relates to an 

imaging device including a Scintillator and a method for 
driving the imaging device. 

2. Description of the Related Art 
In medical practice, a medical diagnostic imaging device 

using a photographic technique has been in wide use. With the 
medical diagnostic imaging device, a specific portion (e.g., 
bone or lungs) of a patient is irradiated with X-rays, an X-ray 
film is exposed to X-rays passing through the specific portion, 
and the X-ray film is developed to visualize a state inside the 
specific portion. 

Since the method using X-ray films needs a storage space 
for the X-ray films and maintenance thereof is troublesome, 
digitization of images is in progress. As a method for digitiz 
ing images, a method using an imaging plate containing a 
material which emits light by being irradiated with X-rays 
(photoStimulable material) has been known. By sensing light 
emitted from the imaging plate with Scanner, digitized images 
can be obtained. 
The imaging plate is a plate to which photoStimulable 

phosphoris applied and which has higher sensitivity to X-ray 
absorption difference than X-ray films. Data of X-ray irradia 
tion can be erased, so that the imaging plate can be re-used. 
However, data obtained by the imaging plate is analog, which 
requires a step for digitization. 

For this reason, attention has been recently focused on flat 
panel detectors capable of obtaining digital data directly (e.g., 
Patent Document 1). Flat panel detectors have two systems, 
direct and indirect conversion systems. In the direct conver 
sion system, X-rays are directly converted to electrical 
charges with the use of an X-ray detecting element. In the 
indirect conversion system, X-rays are converted to visible 
light with a scintillator and the light is converted to electrical 
charges by a photodiode. In either of the systems, a flat panel 
detector includes a plurality of pixel circuits arranged in a 
matrix. 

REFERENCE 

Patent Document 1 Japanese Published Patent Application 
No. H11-3 11673 

SUMMARY OF THE INVENTION 

In diagnostic imaging using X-rays, X-ray exposure time 
for patients is preferably as short as possible in consideration 
of influence of X-rays on the human body. That is, an imaging 
device capable of obtaining image data by relatively short 
time irradiation with X-rays is desired. 

Thus, one embodiment of the present invention is to pro 
vide an imaging device capable of obtaining image data with 
a relatively small amount of X-rays. Another object is to 
provide a method for driving the imaging device. 
One embodiment of the present invention is an imaging 

device which obtains an image using X-rays and includes 
pixel circuits arranged in a matrix with plural rows and plural 
columns and overlapping with a Scintillator. By using a tran 
sistor with an extremely small off-state current in the pixel 
circuits, leakage of electrical charges from a charge accumu 
lation portion from the end of an accumulation period to the 
completion of reading the last row in a read period can be 
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2 
reduced as much as possible. Thus, an accumulation opera 
tion can be performed in all of the pixel circuits substantially 
at the same time, and the amount of X-ray irradiation can be 
reduced by Synchronizing the accumulation operation with 
the X-ray irradiation. 
One embodiment of the present invention is an imaging 

device including a scintillator and a plurality of pixel circuits 
that is arranged in a matrix with plural rows and plural col 
umns and overlaps with the scintillator. The pixel circuits 
each include a photodiode, a charge accumulation portion, a 
first transistor, a second transistor, and a third transistor. One 
of a source and a drain of the first transistor is electrically 
connected to the photodiode. The other of the source and the 
drain of the first transistor is electrically connected to the 
charge accumulation portion. A gate of the second transistor 
is electrically connected to the charge accumulation portion. 
One of a source and a drain of the second transistor is elec 
trically connected to one of a source and a drain of the third 
transistor. At least the first transistor includes a channel for 
mation region formed of an oxide semiconductor. An opera 
tion of resetting the charge accumulation portion is per 
formed substantially at the same time in the plurality of pixel 
circuits, an operation of accumulating an electrical charge by 
the photodiode is performed substantially at the same time in 
the plurality of pixel circuits, and then an operation of reading 
a signal is sequentially performed for each row in the plurality 
of pixel circuits. 

Note that in this specification and the like, ordinal numbers 
such as “first and “second are used in order to avoid con 
fusion among components and do not limit the components 
numerically. 

Further, another embodiment of the present invention is an 
imaging device including a scintillator and a plurality of pixel 
circuits that is arranged in a matrix with plural rows and plural 
columns and overlaps with the scintillator. The pixel circuits 
each include an optical sensor element, a charge accumula 
tion portion, a first transistor, a second transistor, a third 
transistor, and a fourth transistor. One of a source and a drain 
of the first transistor is electrically connected to the optical 
sensor element. The other of the source and the drain of the 
first transistoris electrically connected to the charge accumu 
lation portion. A gate of the second transistor is electrically 
connected to the charge accumulation portion. One of a 
Source and a drain of the second transistor is electrically 
connected to one of a source and a drain of the third transistor. 
One of a source and a drain of the fourth transistor is electri 
cally connected to the charge accumulation portion. At least 
each of the first transistor and the fourth transistor includes a 
channel formation region formed of an oxide semiconductor. 
An operation of resetting the charge accumulation portion is 
performed substantially at the same time in the plurality of 
pixel circuits, an operation of accumulating an electrical 
charge by the optical sensor element is performed Substan 
tially at the same time in the plurality of pixel circuits, and 
then an operation of reading a signal is sequentially per 
formed for each row in the plurality of pixel circuits. 

For the optical sensor element, a photodiode can be used. 
Alternatively, the optical sensor element can have a structure 
including a pair of electrodes and an i-type amorphous silicon 
layer. 
The second transistor and/or the third transistor may be a 

transistor including a channel formation region formed of an 
oxide semiconductor. 

Furthermore, another embodiment of the present invention 
is a method for driving an imaging device including a scin 
tillator and a plurality of pixel circuits that is arranged in a 
matrix with plural rows and plural columns and overlaps with 
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the Scintillator. The method for driving the imaging device 
includes a first step of performing an operation of resetting a 
charge accumulation portion included in each of the plurality 
of pixel circuits Substantially at the same time, a second step 
of irradiating the Scintillator with an X-ray So that an optical 
sensor element included in each of the plurality of pixel 
circuits is irradiated with light emitted from the scintillator, a 
third step of performing an operation of accumulating an 
electrical charge in the charge accumulation portion by the 
optical sensor element Substantially at the same time, and a 
fourth step of sequentially performing an operation of reading 
a signal for each row in the plurality of pixel circuits. The 
second step is synchronized with the third step. 
One embodiment of the present invention can provide an 

imaging device capable of obtaining image data with a rela 
tively small amount of X-ray irradiation. Further, one 
embodiment of the present invention can provide a method 
for driving the imaging device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an imaging device. 
FIGS. 2A and 2B each illustrate a configuration of a pixel 

circuit. 
FIGS. 3A to 3C are timing charts each illustrating the 

operation of a pixel circuit. 
FIGS. 4A and 4B each illustrate a configuration of a pixel 

circuit. 
FIG. 5 illustrates a configuration of a pixel circuit. 
FIGS. 6A to 6C each illustrate an integrator circuit. 
FIGS. 7A and 7B are timing charts illustrating the opera 

tions in a global shutter system and a rolling shutter system, 
respectively. 

FIG. 8 is a circuit diagram of a plurality of pixel circuits 
arranged in a matrix. 

FIG. 9 is a circuit diagram of a plurality of pixel circuits 
arranged in a matrix. 

FIG. 10 is a circuit diagram of a plurality of pixel circuits 
arranged in a matrix. 

FIG. 11 is a circuit diagram of a plurality of pixel circuits 
arranged in a matrix. 

FIGS. 12A and 12B are respectively a top view and a 
cross-sectional view of a layout of a pixel circuit. 

FIGS. 13A and 13B are respectively a top view and a 
cross-sectional view of a layout of a pixel circuit. 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the present invention will be described 
below in detail with reference to the accompanying drawings. 
Note that the present invention is not limited to the description 
below, and it is easily understood by those skilled in the art 
that modes and details can be modified in various ways with 
out departing from the spirit and scope of the present inven 
tion. Further, the present invention is not construed as being 
limited to description of the embodiments. Note that in all 
drawings used to illustrate the embodiments, portions that are 
identical or portions having similar functions are denoted by 
the same reference numerals, and their repetitive description 
may be omitted. 

Embodiment 1 

In this embodiment, an imaging device of one embodiment 
of the present invention is described with reference to the 
drawings. 
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4 
An imaging device 100 illustrated in FIG. 1 includes a 

sensor Substrate 101 including an optical sensor and a scin 
tillator 102 converting radiation such as X-rays to visible 
light. The sensor substrate 101 and the scintillator 102 overlap 
with each other. An X-ray 104 is emitted from an X-ray source 
103 to the scintillator 102 through an object 106, and is 
converted to visible light 105. The visible light is sensed by 
the optical sensor included in the sensor substrate 101, 
whereby image data is obtained. 
The scintillator 102 is formed of a substance which absorbs 

energy of radiation Such as X-rays or y-rays to emit visible 
light or a material containing the Substance. For example, 
materials such as GdOS:Tb, Gdi.O.S:Pr, Gdi.O.S:Eu, and 
BaFCl:Eu and a resin or ceramics in which any of the mate 
rials is dispersed are known. 
The sensor substrate 101 includes a plurality of pixel cir 

cuits arranged in a matrix. An example of the pixel circuit is 
illustrated in FIG. 2A. A pixel circuit 200 includes a photo 
diode 220, a first transistor 201, a second transistor 202, and 
a third transistor 203, and functions as an optical sensor. 
An anode of the photodiode 220 is electrically connected to 

a first wiring 211 (RS); a cathode of the photodiode 220 is 
electrically connected to one of a source and a drain of the first 
transistor 201; the other of the source and the drain of the first 
transistor 201 is electrically connected to a wiring 205 (FD); 
a gate of the first transistor 201 is electrically connected to a 
second wiring 212 (TX); one of a source and a drain of the 
second transistor 202 is electrically connected to a fourth 
wiring 214 (GND); the other of the source and the drain of the 
second transistor 202 is electrically connected to one of a 
source and a drain of the third transistor 203; a gate of the 
second transistor 202 is electrically connected to the wiring 
205 (FD); the other of the source and the drain of the third 
transistor 203 is electrically connected to a fifth wiring 215 
(OUT); and a gate of the third transistor 203 is electrically 
connected to a third wiring 213 (SE). 
The photodiode 220 is an optical sensor element and gen 

erates current corresponding to the amount of light incident 
on the pixel circuit. The electrical charge generated by the 
photodiode 220 is accumulated in the wiring 205 (FD) by the 
first transistor 201. The second transistor 202 outputs a signal 
corresponding to a potential of the wiring 205 (FD). The third 
transistor 203 controls selection of the pixel circuits at the 
time of reading. 

Note that the wiring 205 (FD) is a charge retention node, 
that is, a charge accumulation portion retaining an electrical 
charge whose amount changes depending on the amount of 
light received by the photodiode 220. Practically, the charge 
accumulation portion is depletion layer capacitance in the 
vicinity of a source region or a drain region of the first tran 
sistor 201 electrically connected to the wiring 205 (FD), 
wiring capacitance of the wiring 205 (FD), gate capacitance 
of the second transistor 202 electrically connected to the 
wiring 205 (FD), and the like. 
The first wiring 211 (RS) is a signal line for resetting the 

wiring 205 (FD). The first wiring 211 (RS) in the pixel circuit 
200 is also a signal line for performing charge accumulation 
in the wiring 205 (FD). The second wiring 212 (TX) is a 
signal line for controlling the first transistor 201. The third 
wiring 213 (SE) is a signal line for controlling the third 
transistor 203. The fourth wiring 214 (GND) is a signal line 
for setting a reference potential (e.g., GND). The fifth wiring 
215 (OUT) is a signal line for reading data obtained in the 
pixel circuit 200. 
The pixel circuit may have a configuration illustrated in 

FIG.2B. A pixel circuit 210 includes the same components as 
those in the pixel circuit 200 in FIG. 2A but is different from 
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the pixel circuit 200 in that the anode of the photodiode 220 is 
electrically connected to one of the source and the drain of the 
first transistor 201 and the cathode of the photodiode 220 is 
electrically connected to the first wiring 211 (RS). 

Note that the fifth wiring 215 (OUT) may be connected to 
an integrator circuit illustrated in FIG. 6A, 6B, or 6C. The 
circuit enables an S/N ratio of a reading signal to be increased, 
which makes it possible to sense weaker light, that is, to 
increase the sensitivity of the imaging device. 

FIG. 6A illustrates an integrator circuit using an opera 
tional amplifier circuit (also referred to as an op-amp). An 
inverting input terminal of the operational amplifier circuit is 
connected to the fifth wiring 215 (OUT) through a resistor R. 
A non-inverting input terminal of the operational amplifier 
circuit is grounded. An output terminal of the operational 
amplifier circuit is connected to the inverting input terminal 
of the operational amplifier circuit through a capacitor C. 

Here, the operational amplifier circuit is assumed to be an 
ideal operational amplifier circuit. In other words, it is 
assumed that input impedance is infinite (the input terminals 
draw no current). Since the potential of the non-inverting 
input terminal and the potential of the inverting input terminal 
are equal in a steady state, the potential of the inverting input 
terminal can be considered as a ground potential. 

Equations (1) to (3) are satisfied, where Vi is the potential 
of the fifth wiring 215 (OUT), Vo is the potential of the output 
terminal of the operational amplifier circuit, i1 is a current 
flowing through the resistor R, and i2 is a current flowing 
through the capacitor C. 

Ei1R (1) 

Here, when electrical charge in the capacitor C is dis 
charged at the time t—0, the potential Vo of the output terminal 
of the operational amplifier circuit at the time t t is expressed 
by Equation (4). 

In other words, with a longer time t (integral time), the 
potential (Vi) to be read can be raised and output as the output 
signal Vo. Moreover, lengthening of the time t corresponds to 
averaging of thermal noise or the like and can increase an S/N 
ratio of the output signal Vo. 

In a real operational amplifier circuit, a bias current flows 
even when a signal is not input to the input terminals, so that 
an output Voltage is generated at the output terminal and 
electrical charge is accumulated in the capacitor C. It is there 
fore effective to connect a resistor in parallel with the capaci 
tor C so that the capacitor C can be discharged. 

FIG. 6B illustrates an integrator circuit including an opera 
tional amplifier circuit having a structure different from that 
in FIG. 6A. An inverting input terminal of the operational 
amplifier circuit is connected to the fifth wiring 215 (OUT) 
through a resistor Randa capacitor C1. A non-inverting input 
terminal of the operational amplifier circuit is grounded. An 
output terminal of the operational amplifier circuit is con 
nected to the inverting input terminal of the operational 
amplifier circuit through a capacitor C2. 

Here, the operational amplifier circuit is assumed to be an 
ideal operational amplifier circuit. In other words, it is 
assumed that input impedance is infinite (the input terminals 
draw no current). Since the potential of the non-inverting 
input terminal and the potential of the inverting input terminal 
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6 
are equal in a steady state, the potential of the inverting input 
terminal can be considered as a ground potential. 

Equations (5) to (7) are satisfied, where Vi is the potential 
of the fifth wiring 215 (OUT), Vo is the potential of the output 
terminal of the operational amplifier circuit, i1 is a current 
flowing through the resistor Rand the capacitor C1, and i2 is 
a current flowing through the capacitor C2. 

Here, assuming that electrical charge in the capacitor C2 is 
discharged at the time t-0, as for the potential Vo of the output 
terminal of the operational amplifier circuit at the time t—t, 
Equation (9) corresponds to a high-frequency component 
when Inequality (8) is satisfied, and Equation (11) corre 
sponds to a low-frequency component when Inequality (10) is 
satisfied. 

Voggdo/oit (8) 

Voss d’O/dt (10) 

In other words, by appropriately setting the capacitance 
ratio of the capacitor C1 to the capacitor C2, the potential (Vi) 
to be read can be raised and output as the output signal Vo. 
Further, a high-frequency noise component of the input signal 
can be averaged by time integration, and an S/N ratio of the 
output signal Vo can be increased. 

In a real operational amplifier circuit, a bias current flows 
even when a signal is not input to the input terminals, so that 
an output Voltage is generated at the output terminal and 
electrical charge is accumulated in the capacitor C2. It is thus 
effective to connect a resistorin parallel with the capacitor C2 
so that the capacitor C2 can be discharged. 

FIG. 6C illustrates an integrator circuit using an opera 
tional amplifier circuit having a structure different from those 
in FIGS. 6A and 6B. A non-inverting input terminal of the 
operational amplifier circuit is connected to the fifth wiring 
215 (OUT) through a resistor R and is grounded through a 
capacitor C. An output terminal of the operational amplifier 
circuit is connected to an inverting input terminal of the 
operational amplifier circuit. The resistor Rand the capacitor 
C constitute a CR integrator circuit. The operational amplifier 
circuit is a unity gain buffer. 
When Vi is the potential of the fifth wiring 215 (OUT) and 

Vo is the potential of the output terminal of the operational 
amplifier circuit, Vo can be expressed by Equation (12). 
Although Vo is saturated at the value of Vi, a noise component 
included in the input signal Vican be averaged by the CR 
integrator circuit, and as a result, an S/N ratio of the output 
signal Vo can be increased. 

Vo=(1/CR) Widt (12) 

Next, a structure of each element illustrated in FIGS. 2A 
and 2B is described. 
The photodiode 220 can be formed using a silicon semi 

conductor with a pnjunction or a pinjunction, for example. 
Here, a pin photodiode including an i-type semiconductor 
layer formed of amorphous silicon is preferably used. Since 
amorphous silicon has optical absorption properties in a vis 
ible light wavelength region, visible light emitted from the 
scintillator 102 can be sensed. 
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Note that in this specification, an i-type semiconductor 
refers not only to what is called an intrinsic semiconductor in 
which the Fermi level lies in the middle of the band gap, but 
also to a semiconductor in which the concentration of an 
impurity imparting p-type conductivity and the concentration 
of an impurity imparting n-type conductivity are less than or 
equal to 1x10' atoms/cm and in which the photoconductiv 
ity is higher than the dark conductivity. 

Although a silicon semiconductor Such as amorphous sili 
con, microcrystalline silicon, polycrystalline silicon, or 
single crystal silicon can be used to form the first transistor 
201, the second transistor 202, and the third transistor 203, an 
oxide semiconductor is preferably used to form the first tran 
sistor 201, the second transistor 202, and the third transistor 
203. A transistor in which a channel formation region is 
formed of an oxide semiconductor has an extremely small 
off-state current. 

In particular, when the first transistor 201 connected to the 
wiring 205 (FD) has a large leakage current, electrical charges 
accumulated in the wiring 205 (FD) cannot be retained for a 
sufficiently long time; thus, at least the first transistor 201 is 
preferably formed using an oxide semiconductor. The use of 
the transistor using an oxide semiconductor can prevent 
unwanted output of electrical charges through the photo 
diode. 

Unwanted output of electrical charges also occurs in the 
fourth wiring 214 or the fifth wiring 215 when the second 
transistor 202 and the third transistor 203 have a large leakage 
current; thus, a transistorin which a channel formation region 
is formed of an oxide semiconductor is preferably used as 
these transistors. 
When the transistor using an oxide semiconductor and 

having an extremely small off-state current is used as the 
second transistor 202, imaging can be performed with higher 
dynamic range. In the pixel circuit illustrated in FIG. 2A, a 
gate potential of the second transistor 202 is decreased when 
the intensity of light incident on the photodiode is increased. 
In the pixel circuit illustrated in FIG.2B, the gate potential of 
the second transistor 202 is decreased when the intensity of 
light incident on the photodiode is decreased. Since the tran 
sistor using an oxide semiconductor has an extremely small 
off-state current, a current corresponding to the gate potential 
can be accurately output even when the gate potential is 
extremely low. Thus, it is possible to broaden the detection 
range of illuminance, i.e., the dynamic range. 

Further, in the pixel circuit illustrated in FIG. 2B, suffi 
ciently high dynamic range can be obtained even when the 
gate potential of the second transistor 202 is relatively low, 
i.e., when the intensity of light emitted from the scintillator to 
the photodiode is low. In other words, the scintillator does not 
need to emit high-intensity light, which makes it possible to 
reduce the intensity of X-rays emitted to an object. 

Next, an example of the operation of the pixel circuit 200 in 
FIG. 2A is described with reference to a timing chart in FIG. 
3A. 

In FIG.3A, a potential of each wiring is denoted as a signal 
which varies between two levels for simplicity. Note that in 
practice, the potential can have various levels depending on 
circumstances without limitation on two levels because each 
potential is an analog signal. In the drawing, a signal 301 
corresponds to a potential of the first wiring 211 (RS); a signal 
302, a potential of the second wiring 212 (TX): a signal 303, 
a potential of the third wiring 213 (SE); a signal 304, a 
potential of the wiring 205 (FD); and a signal 305, a potential 
of the fifth wiring 215 (OUT). 

At time A, the potential of the first wiring 211 (signal 301) 
is set high and the potential of the second wiring 212 (signal 
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8 
302) is set high, whereby a forward bias is applied to the 
photodiode 220 and the potential of the wiring 205 (signal 
304) is set high. In other words, the potential of the charge 
accumulation portion is initialized to the potential of the first 
wiring 211 and brought into a reset state. The above is the start 
of a reset operation. Note that the potential of the fifth wiring 
215 (signal 305) is precharged to high level. 
At time B, the potential of the first wiring 211 (signal 301) 

is set low and the potential of the second wiring 212 (signal 
302) is set high, so that the reset operation is terminated and 
an accumulation operation is started. Here, a reverse bias is 
applied to the photodiode 220, whereby the potential of the 
wiring 205 (signal 304) is started to decrease due to a reverse 
current. Since the reverse current is increased when the pho 
todiode 220 is irradiated with light, the rate of decrease in the 
potential of the wiring 205 (signal 304) changes depending on 
the amount of the light irradiation. In other words, channel 
resistance between the source and the drain of the second 
transistor 202 changes depending on the amount of light 
emitted to the photodiode 220. 

Note that the light emitted to the photodiode 220 refers to 
the visible light 105 which is converted from the X-ray 104 by 
the scintillator 102. 
At time C, the potential of the second wiring 212 (signal 

302) is set low to terminate the accumulation operation, so 
that the potential of the wiring 205 (signal 304) becomes 
constant. Here, the potential is determined by the amount of 
electrical charge generated by the photodiode 220 during the 
accumulation operation. That is, the potential changes 
depending on the amount of light emitted to the photodiode 
220. Further, since the first transistor 201 is a transistor which 
includes a channel formation region formed of an oxide semi 
conductor layer and which has an extremely small off-state 
current, the potential of the wiring 205 can be kept constant 
until a Subsequent selection operation (read operation) is 
terminated. 

Note that in some cases, the potential of the wiring 205 
changes due to parasitic capacitance between the second wir 
ing 212 and the wiring 205 when the potential of the second 
wiring 212 (signal 302) is set low. In the case where the 
potential changes significantly, the amount of electrical 
charge generated by the photodiode 220 during the accumu 
lation operation cannot be obtained accurately. Examples of 
effective measures to reduce the amount of change in the 
potential include reducing the capacitance between the gate 
and the source (or between the gate and the drain) of the first 
transistor 201, increasing the gate capacitance of the second 
transistor 202, and providing a storage capacitor to connect 
the wiring 205. Note that in this embodiment, the change in 
the potential can be ignored by the adoption of these mea 
SUCS. 

At time D, the potential of the third wiring 213 (signal 303) 
is set high to turn on the third transistor 203, whereby the 
selection operation is started and the fourth wiring 214 and 
the fifth wiring 215 are electrically connected to each other 
through the second transistor 202 and the third transistor 203. 
Also, the potential of the fifth wiring 215 (signal 305) is 
started to decrease. Note that precharge of the fifth wiring 215 
only needs to be terminated before time D. Here, the rate of 
decrease in the potential of the fifth wiring 215 (signal 305) 
depends on the current between the source and the drain of the 
second transistor 202. That is, the potential changes depend 
ing on the amount of light emitted to the photodiode 220 
during the accumulation operation. 
At time E, the potential of the third wiring 213 (signal 303) 

is set low to turn off the third transistor 203, so that the 
selection operation is terminated and the potential of the fifth 
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wiring 215 (signal 305) becomes a constant value. Here, the 
constant value changes depending on the amount of light 
emitted to the photodiode 220. Therefore, the amount of light 
emitted to the photodiode 220 during the accumulation opera 
tion can be known by obtaining the potential of the fifth 
wiring 215. 

Specifically, the stronger the light emitted to the photo 
diode 220 is, the lower the potential of the wiring 205 is and 
the lower a gate voltage of the second transistor 202 is, result 
ing in a gradual decrease in the potential of the fifth wiring 
215 (signal 305). Thus, a relatively high potential can be read 
from the fifth wiring 215. 

Conversely, the weaker the light emitted to the photodiode 
220 is, the higher the potential of the wiring 205 is and the 
higher the gate Voltage of the second transistor 202 is, result 
ing in a rapid decrease in the potential of the fifth wiring 215 
(signal 305). Thus, a relatively low potential can be read from 
the fifth wiring 215. 

Next, an example of the operation of the pixel circuit 210 in 
FIG. 2B is described with reference to a timing chart in FIG. 
3B. 
At time A, the potential of the first wiring 211 (signal 301) 

is set low and the potential of the second wiring 212 (signal 
302) is set high, whereby a forward bias is applied to the 
photodiode 220 and the potential of the wiring 205 (signal 
304) is set low. In other words, the potential of the charge 
accumulation portion is brought into a reset state. The above 
is the start of a reset operation. Note that the potential of the 
fifth wiring 215 (signal 305) is precharged to high level. 

At time B, the potential of the first wiring 211 (signal 301) 
is set high and the potential of the second wiring 212 (signal 
302) is set high, so that the reset operation is terminated and 
an accumulation operation is started. Here, a reverse bias is 
applied to the photodiode 220, whereby the potential of the 
wiring 205 (signal 304) is started to increase due to a reverse 
current. Since the reverse current is increased when the pho 
todiode 220 is irradiated with light, the rate of increase in the 
potential of the wiring 205 (signal 304) changes depending on 
the amount of the light irradiation. In other words, channel 
resistance between the source and the drain of the second 
transistor 202 changes depending on the amount of light 
emitted to the photodiode 220. 

Operations after time Care the same as those of the timing 
chart in FIG. 3A. The amount of light emitted to the photo 
diode 220 during the accumulation operation can be known 
by obtaining the potential of the fifth wiring 215 at time E. 

Further, the pixel circuit included in the sensor substrate 
101 of one embodiment of the present invention may have a 
configuration illustrated in FIG. 4A or FIG. 4B. 
A pixel circuit 250 illustrated in FIG. 4A has a configura 

tion in which a fourth transistor 204 is added to the pixel 
circuit 200 in FIG. 2A. A gate of the transistor is electrically 
connected to the first wiring 211 (RS); one of a source and a 
drain of the transistor, the wiring 205 (FD); the other of the 
source and the drain of the transistor, a seventh wiring 217: 
and the anode of the photodiode 220, a sixth wiring 216. Here, 
the sixth wiring 216 is a signal line (low potential line) for 
applying a reverse bias to the photodiode 220 all the time. The 
seventh wiring 217 is a signal line (high potential line) for 
resetting the wiring 205 so that the wiring 205 has a high 
potential. 
The fourth transistor 204 serves as a reset transistor for 

resetting the wiring 205 (FD). Hence, unlike in the pixel 
circuit 200 in FIG. 2A, the reset operation using the photo 
diode 220 is not performed and a reverse bias is applied to the 
photodiode all the time. The wiring 205 (FD) can be reset by 
setting the potential of the first wiring 211 (RS) high. Opera 
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10 
tions of the pixel circuit 250 are the same as those of the pixel 
circuit 200 in FIG. 2A, which are illustrated in the timing 
chart in FIG. 3A. 
A pixel circuit 260 illustrated in FIG. 4B has a configura 

tion in which the fourth transistor 204 is added to the pixel 
circuit 210 in FIG.2B. The gate of the transistor is electrically 
connected to the first wiring 211 (RS); one of the source and 
the drain of the transistor, the wiring 205 (FD); the other of the 
source and the drain of the transistor, the seventh wiring 217: 
and the cathode of the photodiode 220, the sixth wiring 216. 
Here, the sixth wiring 216 is a signal line (high potential line) 
for applying a reverse bias to the photodiode 220 all the time. 
The seventh wiring 217 is a signal line (low potential line) for 
resetting the wiring 205 so that the wiring 205 has a low 
potential. 
The fourth transistor 204 serves as a reset transistor for 

resetting the wiring 205 (FD). Hence, unlike in the pixel 
circuit 210 in FIG. 2B, the reset operation using the photo 
diode 220 is not performed and a reverse bias is applied to the 
photodiode all the time. The wiring 205 (FD) can be reset by 
setting the potential of the first wiring 211 (RS) high. The 
pixel circuit 260 can operate inaccordance with a timing chart 
in FIG.3C. 
The fourth transistor 204 can be formed using a silicon 

semiconductor Such as amorphous silicon, microcrystalline 
silicon, polycrystalline silicon, or single crystal silicon; how 
ever, when the fourth transistor 204 has a large leakage cur 
rent, electrical charges cannot be retained in the charge accu 
mulation portion for a Sufficiently long time. For this reason, 
a transistor formed using an oxide semiconductor and having 
an extremely small off-state current is preferably used as the 
fourth transistor 204, as in the case of the first transistor 201. 

Further, the pixel circuit included in the sensor substrate 
101 of one embodiment of the present invention may have a 
configuration illustrated in FIG. 5. A pixel circuit 280 in FIG. 
5 has the same configuration as that in FIG. 4A or FIG. 4B 
except that as an optical sensor element, a variable resistor 
230 is used instead of the photodiode. The variable resistor 
can have a structure including a pair of electrodes and an 
i-type amorphous silicon layer provided between the pair of 
electrodes. Since the resistance of the i-type amorphous sili 
con layer changes due to light irradiation, the potential of the 
wiring 205 can be changed as in the case of using the photo 
diode, which enables the amount of light emitted to the vari 
able resistor 230 during the accumulation operation to be 
known. 
By setting the potential of the sixth wiring 216 low and the 

seventh wiring 217 high, the pixel circuit 280 in FIG. 5 can 
operate in accordance with the timing chart in FIG. 3A. Fur 
ther, by setting the potential of the sixth wiring 216 high and 
the seventh wiring 217 low, the pixel circuit 280 can operate 
in accordance with the timing chart in FIG.3C. 
As described above, the operation of each pixel circuit in 

the imaging device is repetition of the reset operation, the 
accumulation operation, and the selection operation. To 
achieve imaging of the imaging device in short time, it is 
necessary to perform the reset operation, the accumulation 
operation, and the selection operation of all the pixel circuits 
at high speed. 

Thus, a driving method using a global shutter system illus 
trated in a timing chart in FIG. 7A is used for imaging in one 
embodiment of the present invention. Note that FIG. 7A 
shows operations of the pixel circuits 200 in FIG. 2A from the 
first row to the third row in the sensor substrate 101. 

In FIG. 7A, a signal 501, a signal 502, and a signal 503 are 
signals input to the first wiring 211 (RS) connected to the 
pixel circuits in the first row, the second row, and the third row, 



US 8,872,120 B2 
11 

respectively. A signal 504, a signal 505, and a signal 506 are 
signals input to the second wiring 212 (TX) connected to the 
pixel circuits in the first row, the second row, and the third row, 
respectively. A signal 507, a signal 508, and a signal 509 are 
signals input to the third wiring 213 (SE) connected to the 
pixel circuits in the first row, the second row, and the third row, 
respectively. 
A period 510 is a period required for one imaging. In a 

period 511, the reset operation is performed in the pixel 
circuits in each row. In a period 520, the accumulation opera 
tion is performed in the pixel circuits in each row. Note that 
the selection operation is sequentially performed in the pixel 
circuits for each row. For example, in a period 531, the selec 
tion operation is performed in the pixel circuits in the first 
row. As described above, in the global shutter system, the 
reset operation is performed in all the pixel circuits Substan 
tially at the same time, the accumulation operation is per 
formed in all the pixel circuits substantially at the same time, 
and then the read operation is sequentially performed for each 
OW. 

That is, in the global shutter system, since the accumula 
tion operation is performed in all the pixel circuits Substan 
tially at the same time, imaging is simultaneously performed 
in the pixel circuits in all the rows. Thus, X-ray irradiation in 
synchronization with the accumulation operation can shorten 
the time of the X-ray irradiation to an object. That is, the 
X-ray irradiation is performed only in the period 520. 
On the other hand, FIG. 7B is a timing chart of the case 

where a rolling shutter system is used. A period 610 is a period 
required for one imaging. A period 611, a period 612, and a 
period 612 are reset periods in the first row, the second row, 
and the third row, respectively. A period 621, a period 622, 
and a period 623 are accumulation operation periods in the 
first row, the second row, and the third row, respectively. In a 
period 631, the selection operation is performed in the pixel 
circuits in the first row. As described above, in the rolling 
shutter system, the accumulation operation is not performed 
at the same time in all the pixel circuits but is sequentially 
performed for each row; thus, imaging is not simultaneously 
performed in the pixel circuits in all the rows. For this reason, 
even when the X-ray irradiation is synchronized with the 
accumulation operation, an X-ray irradiation period 620 is 
longer than that in the global shutter system. 

To realize the global shutter system, even after the accu 
mulation operation, the potential of the wiring 205 (FD) in 
each pixel circuit needs to be kept for a longtime until the read 
operation is terminated. As described above, when a transistor 
including a channel formation region formed of an oxide 
semiconductor and having an extremely small off-state cur 
rent is used as the first transistor 201, the potential of the 
wiring 205 (FD) can be kept for a long time. On the other 
hand, in the case where a transistor including a channel for 
mation region formed of a silicon semiconductor or the like is 
used as the first transistor 201, the potential of the wiring 205 
(FD) cannot be kept for a longtime because of a large off-state 
current, which makes it difficult to use the global shutter 
system; thus, the rolling shutter system has to be used. 
As described above, the use of the transistor including a 

channel formation region formed of an oxide semiconductor 
in the pixel circuits makes it easy to realize the global shutter 
system, and thus the imaging device with a small amount of 
X-rays emitted to an object can be provided. 

This embodiment can be freely combined with any of the 
other embodiments in this specification. 

Embodiment 2 

In this embodiment, detailed description is given of a con 
figuration of the sensor substrate 101 described in Embodi 
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12 
ment 1. Examples of the configuration of the sensor Substrate 
101 including pixel circuits arranged in a matrix with m rows 
and n columns are described with reference to FIGS. 8 to 11. 

FIG. 8 is an example of arranging a plurality of pixel 
circuits 200 illustrated in FIG. 2A in a matrix with m (m is a 
natural number of two or more) rows and n (n is a natural 
number of two or more) columns. Each of the pixel circuits 
200 is electrically connected to any one of a plurality of first 
wirings 211 (RS) (211(RS) 1 to 211(RS) m), any one of a 
plurality of second wirings 212 (TX) (212(TX) 1 to 212(TX) 
m), any one of a plurality of third wirings 213 (SE) (213(SE) 
1 to 213(SE) m), any one of a plurality of fourth wirings 214 
(GND) (214(GND) 1 to 214(GND) n), and any one of a 
plurality of fifth wirings 215 (OUT) (215(OUT) 1 to 215 
(OUT) n). 

In FIG. 8, the pixel circuits 200 in each row (a horizontal 
direction in the drawing) share the first wiring 211 (RS), the 
second wiring 212 (TX), and the third wiring 213 (SE). The 
pixel circuits 200 in each column (a vertical direction in the 
drawing) share the fourth wiring 214 (GND) and the fifth 
wiring 215 (OUT). However, one embodiment of the present 
invention is not limited to this configuration. A plurality of 
first wirings 211 (RS), a plurality of second wirings 212 (TX), 
and a plurality of third wirings 213 (SE) may be provided in 
each row to be electrically connected to the respective pixel 
circuits 200. A plurality of fourth wirings 214 (GND) and a 
plurality of fifth wirings 215 (OUT) may be provided in each 
column to be electrically connected to the respective pixel 
circuits 200. 

Although the fourth wiring 214 (GND) is shared by the 
pixel circuits 200 in each column in FIG. 8, the fourth wiring 
214 (GND) may be shared by the pixel circuits 200 in each 
OW. 

As described above, wirings are shared to reduce the num 
ber of wirings, so that a driver circuit for driving the pixel 
circuits 200 arranged in a matrix with m rows and n columns 
can be simplified. 

In FIG. 9, the plurality of pixel circuits 200 is arranged in 
a matrix withm rows and n columns. Each of the pixel circuits 
200 is electrically connected to any one of the plurality of first 
wirings 211 (RS) (211(RS) 1 to 211 (RS) n), any one of the 
plurality of second wirings 212 (TX) (212(TX) 1 to 212(TX) 
n), any one of the plurality of third wirings 213 (SE) (213 

(SE) 1 to 213(SE) m), any one of the plurality of fourth 
wirings 214 (GND) (214(GND) 1 to 214(GND) n), and any 
one of the plurality of fifth wirings 215 (OUT) (215(OUT) 1 
to 215(OUT) n). 

In FIG.9, the pixel circuits 200 in each row share the third 
wiring 213 (SE). The pixel circuits 200 in each column share 
the first wiring 211 (RS), the second wiring 212 (TX), the 
fourth wiring 214 (GND), and the fifth wiring 215 (OUT). 
However, one embodiment of the present invention is not 
limited to this configuration. A plurality of third wirings 213 
(SE) may be provided in each row to be electrically connected 
to the respective pixel circuits 200. A plurality of first wirings 
211 (RS), a plurality of second wirings 212 (TX), a plurality 
of fourth wirings 214 (GND), and a plurality of fifth wirings 
215 (OUT) may be provided in each column to be electrically 
connected to the respective pixel circuits 200. 

Although the fourth wiring 214 (GND) is shared by the 
pixel circuits 200 in each column in FIG.9, the fourth wiring 
214 (GND) may be shared by the pixel circuits 200 in each 
OW. 

As described above, wirings are shared to reduce the num 
ber of wirings, so that a driver circuit for driving the pixel 
circuits 200 arranged in a matrix with m rows and n columns 
can be simplified. 
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Note that in the configurations in FIGS. 8 and 9, the pixel 
circuit 210 illustrated in FIG. 2B can be substituted for the 
pixel circuit 200. 

FIG. 10 is an example of arranging a plurality of pixel 
circuits 250 illustrated in FIG. 4A in a matrix withm rows and 
in columns. Each of the pixel circuits 250 is connected to any 
one of the plurality of first wirings 211 (RS) (211(RS) 1 to 
211(RS) n), any one of the plurality of second wirings 212 
(TX) (212(TX) 1 to 212(TX) m), any one of the plurality of 
third wirings 213 (SE) (213(SE) 1 to 213(SE) m), any one of 
the plurality of fourth wirings 214 (GND) (214(GND) 1 to 
214(GND) n), any one of the plurality of fifth wirings 215 
(OUT) (215(OUT) 1 to 215(OUT) n), any one of a plurality 
of sixth wirings 216 (216. 1 to 216 m), and any one of a 
plurality of seventh wirings 217 (217 1 to 217 m). 

In FIG. 10, the pixel circuits 250 in each row (a horizontal 
direction in the drawing) share the second wiring 212 (TX), 
the third wiring 213 (SE), and the sixth wiring 216. The pixel 
circuits 250 in each column (a vertical direction in the draw 
ing) share the first wiring 211 (RS), the fourth wiring 214 
(GND), and the fifth wiring 215 (OUT). However, one 
embodiment of the present invention is not limited to this 
configuration. A plurality of second wirings 212 (TX), a 
plurality of third wirings 213 (SE), and a plurality of sixth 
wirings 216 may be provided in each row to be electrically 
connected to the respective pixel circuits 250. A plurality of 
first wirings 211 (RS), a plurality of fourth wirings 214 
(GND), and a plurality of fifth wirings 215 (OUT) may be 
provided in each column to be electrically connected to the 
respective pixel circuits 250. 

Although the first wiring 211 (RS) is shared by the pixel 
circuits 250 in each column in FIG. 10, the first wiring 211 
(RS) may be shared by the pixel circuits 250 in each row. 

Although the fourth wiring 214 (GND) is shared by the 
pixel circuits 250 in each column in FIG. 10, the fourth wiring 
214 (GND) may be shared by the pixel circuits 250 in each 
OW. 

Although the seventh wiring 217 is shared by the pixel 
circuits 250 in each row in FIG. 10, the seventh wiring 217 
may be shared by the pixel circuits 250 in each column. 
As described above, wirings are shared to reduce the num 

ber of wirings, so that a driver circuit for driving the pixel 
circuits 250 arranged in a matrix with m rows and n columns 
can be simplified. 

FIG. 11 is an example of arranging a plurality of pixel 
circuits 250 in a matrix with m rows and n columns. Each of 
the pixel circuits 250 is connected to any one of the plurality 
of first wirings 211 (RS) (211(RS) 1 to 211 (RS) m), any one 
of the plurality of second wirings 212 (TX) (212(TX) 1 to 
212(TX) n), any one of the plurality of third wirings 213 (SE) 
(213(SE) 1 to 213(SE) m), any one of the plurality of fourth 
wirings 214 (GND) (214(GND) 1 to 214(GND) n), any one 
of the plurality of fifth wirings 215 (OUT) (215(OUT) 1 to 
215(OUT) n), any one of a plurality of sixth wirings 216 
(216. 1 to 216 m), and any one of a plurality of seventh 
wirings 217 (217 1 to 217 m). 

In FIG. 11, the pixel circuits 250 in each row (a horizontal 
direction in the drawing) share the first wiring 211 (RS), the 
third wiring 213 (SE), and the seventh wiring 217. The pixel 
circuits 250 in each column (a vertical direction in the draw 
ing) share the second wiring 212 (TX), the fourth wiring 214 
(GND), the fifth wiring 215 (OUT), and the sixth wiring 216. 
However, one embodiment of the present invention is not 
limited to this configuration. A plurality of first wirings 211 
(RS), a plurality of third wirings 213 (SE), and a plurality of 
seventh wirings 217 may be provided in each row to be 
electrically connected to the respective pixel circuits 250. A 
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plurality of second wirings 212 (TX), a plurality of fourth 
wirings 214 (GND), a plurality of fifth wirings 215 (OUT), 
and a plurality of sixth wirings 216 may be provided in each 
column to be electrically connected to the respective pixel 
circuits 250. 

Although the first wiring 211 (RS) is shared by the pixel 
circuits 250 in each row in FIG. 11, the first wiring 211 (RS) 
may be shared by the pixel circuits 250 in each column. 

Although the fourth wiring 214 (GND) is shared by the 
pixel circuits 250 in each column in FIG. 11, the fourth wiring 
214 (GND) may be shared by the pixel circuits 250 in each 
OW. 

Although the seventh wiring 217 is shared by the pixel 
circuits 250 in each row in FIG. 11, the seventh wiring 217 
may be shared by the pixel circuits 250 in each column. 
As described above, wirings are shared to reduce the num 

ber of wirings, so that a driver circuit for driving the pixel 
circuits 250 arranged in a matrix with m rows and n columns 
can be simplified. 

Note that in the configurations in FIGS. 10 and 11, the pixel 
circuit 260 illustrated in FIG. 4B or the pixel circuit 280 
illustrated in FIG. 5 can be substituted for the pixel circuit 
2SO. 

Next, an example of a layout of the pixel circuit 200 illus 
trated in FIG. 2A is described with reference to FIGS. 12A 
and 12B. 

FIG. 12A is a top view of the pixel circuit 200 and FIG.12B 
is a cross-sectional view taken along the dashed line A1-A2 in 
FIG 12A. 
The pixel circuit 200 includes a conductive film 1211 serv 

ing as the first wiring 211 (RS), a conductive film 1212 
serving as the second wiring 212 (TX), a conductive film 
1213 serving as the third wiring 213 (SE), a conductive film 
1214 serving as the fourth wiring 214 (GND), and a conduc 
tive film 1215 serving as the fifth wiring 215 (OUT). 
The photodiode 220 included in the pixel circuit 200 

includes a p-type semiconductor film 315, an i-type semicon 
ductor film 316, and an n-type semiconductor film 317 which 
are stacked in this order. The conductive film 1211 is electri 
cally connected to the p-type semiconductor film 315 serving 
as the anode of the photodiode 220. 
A conductive film 1218 included in the pixel circuit 200 

serves as a gate electrode of the first transistor 201 and is 
electrically connected to the conductive film 1212. A conduc 
tive film 1219 included in the pixel circuit 200 serves as one 
of a source electrode and a drain electrode of the first transis 
tor 201. A conductive film 1220 included in the pixel circuit 
200 serves as the other of the source electrode and the drain 
electrode of the first transistor 201. A conductive film 1221 
included in the pixel circuit 200 is electrically connected to 
the n-type semiconductor film 317 and the conductive film 
1219. A conductive film 1222 included in the pixel circuit 200 
serves as a gate electrode of the second transistor 202 and is 
electrically connected to the conductive film 1220. 
A conductive film 1223 included in the pixel circuit 200 

serves as one of a source electrode and a drain electrode of the 
second transistor 202. A conductive film 1224 included in the 
pixel circuit 200 serves as the other of the source electrode 
and the drain electrode of the second transistor 202 and one of 
a source electrode and a drain electrode of the third transistor 
203. The conductive film 1214 serves as the other of the 
source electrode and the drain electrode of the third transistor 
203. The conductive film 1213 also serves as a gate electrode 
of the third transistor 203. A conductive film 1225 included in 
the pixel circuit 200 is electrically connected to the conduc 
tive film 1223 and the conductive film 1214. 
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In FIGS. 12A and 12B, a conductive film 1226 included in 
the pixel circuit 200 is electrically connected to the conduc 
tive film 1211 serving as the first wiring 211 (RS). A conduc 
tive film 1227 included in the pixel circuit 200 is electrically 
connected to the conductive film 1212 serving as the second 
wiring 212 (TX). 

The conductive films 1213, 1218, 1222, 1225, 1226, and 
1227 can be formed by processing one conductive film 
formed over an insulating Surface into desired shapes. A gate 
insulating film 1228 is formed over the conductive films 
1213, 1218, 1222, 1225, 1226, and 1227. The conductive 
films 1211, 1212, 1214, 1215, 1219, 1220, 1223, and 1224 
can beformed by processing one conductive film formed over 
the gate insulating film 1228 into desired shapes. 
An insulating film 1281 and an insulating film 1282 are 

formed over the conductive films 1211, 1212, 1214, 1215, 
1219, 1220, 1223, and 1224. The conductive film 1221 is 
formed over the insulating film 1281 and the insulating film 
1282. 
An oxide semiconductor is preferably used for a semicon 

ductor layer 1250 of the first transistor 201. In order that 
electrical charges generated by irradiation of the photodiode 
220 with light are retained for a long time, the first transistor 
201 electrically connected to the charge accumulation portion 
needs to be a transistor with an extremely small off-state 
current. Thus, the use of an oxide semiconductor material for 
the semiconductor layer 1250 improves the performance of 
the pixel circuit 200. Note that the charge accumulation por 
tion is the wiring 205 in the pixel circuit 200 and corresponds 
to the conductive film 1220 in FIGS. 12A and 12B. 

Further, the pixel circuit 200 may have a configuration in 
which an element such as a transistor overlaps with the pho 
todiode 220 as illustrated in FIGS. 13A and 13B. Such a 
configuration increases the density of the pixels and the reso 
lution of the imaging device. In addition, the area of the 
photodiode 220 can be increased, resulting in an increase in 
the sensitivity of the imaging device. FIG. 13A is a top view 
of the pixel circuit 200 and FIG. 13B is a cross-sectional view 
taken along the dashed line B1-B2 in FIG. 13A. 

In the pixel circuit 200 illustrated in FIGS. 13A and 13B, 
the conductive film 1219 serving as one of the source elec 
trode and the drain electrode of the first transistor 201 is 
electrically connected to the n-type semiconductor film 317 
serving as the cathode of the photodiode 220 through the a 
conductive film 1229. The p-type semiconductor film 315 
serving as the anode of the photodiode 220 is electrically 
connected to the conductive film 1226 in contact with the first 
wiring 211, through the conductive film 1221. An insulating 
film 1283 is formed to protect the photodiode 220. Except for 
the above and the element Such as the transistor overlapping 
with the photodiode 220, the configuration of the pixel circuit 
in FIGS. 13A and 13B is similar to that of the pixel circuit 200 
in FIGS. 12A and 12B. 

Note that although a configuration in which the p-type 
semiconductor film 315 is directly electrically connected to 
the conductive film 1226 through the conductive film 1221 is 
shown as an example, another conductive film electrically 
connected to the conductive film 1226 through an opening 
formed in the insulating films 1281, 1282, and 1283 may be 
provided to be electrically connected to the conductive film 
1221. 
The configuration in which an element such as a transistor 

overlaps with an optical sensorelement as illustrated in FIGS. 
13A and 13B can also be applied to the pixel circuit 210 
illustrated in FIG. 2B, the pixel circuits 250 and 260 illus 
trated in FIGS. 4A and 4B, and the pixel circuit 280 illustrated 
in FIG. 5. 
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This embodiment can be freely combined with any of the 

other embodiments in this specification. 

Embodiment 3 

In this embodiment, a transistor with an extremely small 
off-state current, which can be used for any of the pixel 
circuits described in Embodiments 1 and 2, and a material for 
the transistor are described. 
As the structure of the transistor, FIGS. 12A and 12B and 

FIGS. 13A and 13B illustrate the top views and the cross 
sectional views of the first transistor 201 including the semi 
conductor layer 1250. Although the transistor having a chan 
nel-etched bottom gate structure is shown as an example, the 
transistor may have a channel-protective bottom gate struc 
ture, a non-self-aligned top gate structure, or a self-aligned 
top gate structure. 
To form the transistor with an extremely small off-state 

current, a semiconductor material having a wider band gap 
and lower intrinsic carrier density than a silicon semiconduc 
tor, Such as an oxide semiconductor, is preferably used for the 
semiconductor layer 1250. 
As one example of the semiconductor material, a com 

pound semiconductor Such as silicon carbide (SiC) or gallium 
nitride (GaN) can be given in addition to an oxide semicon 
ductor. The oxide semiconductor has an advantage of high 
mass productivity because the oxide semiconductor can be 
formed by a sputtering methodora wet process, unlike silicon 
carbide or gallium nitride. Further, the oxide semiconductor 
can be formed even at room temperature; thus, the oxide 
semiconductor can beformed overaglass Substrate or overan 
integrated circuit using silicon. Further, a larger substrate can 
be used. Accordingly, among the semiconductors with wide 
band gaps, the oxide semiconductor particularly has an 
advantage of high mass productivity. Further, in the case 
where an oxide semiconductor with high crystallinity is to be 
obtained in order to improve the property of a transistor (e.g., 
field-effect mobility), the oxide semiconductor with crystal 
linity can be easily obtained by heat treatment at 250° C. to 
800° C. 

Further, the conductivity type of a highly purified oxide 
semiconductor (purified OS) obtained by reduction of impu 
rities such as moisture or hydrogen which serves as an elec 
tron donor (donor) and by reduction of oxygen vacancies is an 
i-type or a substantially i-type. Therefore, a transistor includ 
ing the oxide semiconductor has a characteristic of a very 
small off-state current. Furthermore, the band gap of the 
oxide semiconductor is 2 eV or more, preferably 2.5 eV or 
more, more preferably 3 eV or more. With the use of an oxide 
semiconductor film which is highly purified by a sufficient 
decrease in the concentration of impurities such as moisture 
or hydrogen and reduction of oxygen vacancies, the off-state 
current of a transistor can be decreased. 

Specifically, various experiments can prove a small off 
state current of a transistor including a channel formation 
region formed of a highly-purified oxide semiconductor film. 
For example, even when an element has a channel width of 
1x10'um and a channellength of 10um, off-state current can 
be less than or equal to the measurement limit of a semicon 
ductor parameter analyzer, i.e., less than or equal to 1x10' 
A, at Voltage (drain Voltage) between a source electrode and 
a drain electrodeoffrom 1 V to 10V. In this case, it can be seen 
that the off-state current standardized on the channel width of 
the transistoris lower than or equal to 100 ZA/um. In addition, 
a capacitor and a transistor are connected to each other and the 
off-state current is measured with a circuit in which electrical 
charges flowing into or from the capacitor is controlled by the 
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transistor. In the measurement, a purified oxide semiconduc 
tor film has been used for a channel formation region of the 
transistor, and the off-state current of the transistor has been 
measured from a change in the amount of electrical charge of 
the capacitor per unit time. As a result, it is found that in the 
case where the voltage between the source electrode and the 
drain electrode of the transistor is 3 V, a smaller off-state 
current of several tens of yoctoamperes per micrometer (yA/ 
um) can be obtained. Accordingly, the off-state current of the 
transistor including a channel formation region formed of the 
highly purified oxide semiconductor film is considerably 
Smaller than that of a transistor including silicon having crys 
tallinity. 

Note that the oxide semiconductor preferably contains at 
least indium (In) or Zinc (Zn). In particular. In and Zn are 
preferably contained. In addition, as a stabilizer for reducing 
the variation in electrical characteristics of a transistor using 
the oxide semiconductor, the oxide semiconductor preferably 
contains gallium (Ga) in addition to In and Zn. Tin (Sn) is 
preferably contained as a stabilizer. Hafnium (Hf) is prefer 
ably contained as a stabilizer. Aluminum (Al) is preferably 
contained as a stabilizer. 
As another stabilizer, one or more of lanthanoids such as 

lanthanum (La), cerium (Ce), praseodymium (Pr), neody 
mium (Nd), Samarium (Sm), europium (Eu), gadolinium 
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium 
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be 
contained. 
As the oxide semiconductor, for example, indium oxide, tin 

oxide, Zinc oxide, an In-Zn-based oxide, a Sn—Zn-based 
oxide, an Al-Zn-based oxide, a Zn-Mg-based oxide, a 
Sn—Mg-based oxide, an In-Mg-based oxide, an In Ga 
based oxide, an In-Ga—Zn-based oxide (also referred to as 
IGZO), an In Al Zn-based oxide, an In Sn—Zn-based 
oxide, a Sn—Ga—Zn-based oxide, an Al-Ga—Zn-based 
oxide, a Sn—Al-Zn-based oxide, an In-Hf, Zn-based 
oxide, an In-La-Zn-based oxide, an In-Ce—Zn-based 
oxide, an In-Pr—Zn-based oxide, an In-Nd-Zn-based 
oxide, an In-Sm—Zn-based oxide, an In-Eu-Zn-based 
oxide, an In-Gd—Zn-based oxide, an In Tb-Zn-based 
oxide, an In-Dy—Zn-based oxide, an In-Ho-Zn-based 
oxide, an In-Er—Zn-based oxide, an In Tm Zn-based 
oxide, an In Yb-Zn-based oxide, or an In-Lu-Zn 
based oxide, an In-Sn—Ga—Zn-based oxide, an In-Hf 
Ga—Zn-based oxide, an In-Al-Ga—Zn-based oxide, an 
In—Sn-Al-Zn-based oxide, an In Sn-Hf, Zn-based 
oxide, or an In Hf Al-Zn-based oxide can be used. The 
above oxide semiconductor may include silicon. 

Note that an In-Ga—Zn-based oxide, for example, means 
an oxide containing In, Ga, and Zn, and there is no limitation 
on the ratio of In, Ga, and Zn. The In—Ga—Zn-based oxide 
may contain a metal element other than In, Ga., and Zn. The 
In—Ga—Zn-based oxide has sufficiently high resistance 
when there is no electric field and thus off-state current can be 
sufficiently reduced. In addition, also having high field-effect 
mobility, the In—Ga—Zn-based oxide is suitable for a semi 
conductor material used in a semiconductor device. 

For example, an In-Ga—Zn-based oxide with an atomic 
ratio of In:Ga:Zn=1:1:1 (=1/3:1/3:1/3) or In:Ga:Zn=2:2:1 
(=2/5:2/5:1/5), or an oxide with an atomic ratio close to the 
above atomic ratios can be used. Alternatively, an In Sn— 
Zn-based oxide with an atomic ratio of In:Sn:Zn=1:1:1 (=1/ 
3:1/3:1/3), In: Sn:Zn=2:1:3 (=1/3:1/6:1/2), or In: Sn:Zn2:1:5 
(=1/4:1/8:5/8), or an oxide with an atomic ratio close to the 
above atomic ratios may be used. 

However, the composition is not limited to those described 
above, and a material having an appropriate composition may 
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be used depending on needed electric characteristics (such as 
mobility and threshold voltage). Further, it is preferable to 
appropriately set the carrier density, the impurity concentra 
tion, the defect density, the atomic ratio of a metal element 
and oxygen, the interatomic distance, the density, or the like 
in order to obtain necessary semiconductor characteristics. 

For example, the oxide semiconductor film can be formed 
by a sputtering method using a target containing indium (In), 
gallium (Ga), and Zinc (Zn). In the case where an In-Ga— 
Zn-based oxide semiconductor film is formed by a sputtering 
method, it is preferable to use a target of an In-Ga—Zn 
based oxide with an atomic ratio of In: Ga:Zn=1:1:1, 4:2:3, 
3:1:2, 1:1:2, 2:1:3, or 3:1:4. When the oxide semiconductor 
film is formed using an In-Ga—Zn-based oxide target hav 
ing the aforementioned atomic ratio, a crystal is readily 
formed. The filling rate of the target containing In, Ga., and Zn 
is 90% or higher, preferably 95% or higher. With the use of the 
target with high filling rate, a dense oxide semiconductor film 
is formed. 

In the case where an In-Zn-based oxide material is used 
as an oxide semiconductor, a target of the In-Zn-based oxide 
has a composition ratio of In:Zn=50:1 to 1:2 in an atomic ratio 
(In O:ZnO=25:1 to 1:4 in a molar ratio), preferably 
In:Zn=20:1 to 1:1 in an atomic ratio (In O:ZnO=10:1 to 1:2 
in a molar ratio), further preferably In:Zn=1.5:1 to 15:1 in an 
atomic ratio (In O:ZnO=3:4 to 15:2 in a molar ratio). For 
example, in a target used for formation of an oxide semicon 
ductor film including an In-Zn-based oxide which has an 
atomic ratio of In:Zn:O=X:Y: Z, the relation of Zd 1.5X+Y is 
satisfied. The mobility can be improved by keeping the ratio 
of Zn within the above range. 

In the case of forming an In Sn—Zn-based oxide semi 
conductor film as the oxide semiconductor film by a sputter 
ing method, it is preferred to use an In Sn-Zn-O target 
containing In, Sn, and Zn at an atomic ratio of 1:1:1, 2:1:3. 
1:2:2, or 20:45:35. 
A structure of the oxide semiconductor film is described 

below. 
Note that in this specification, a term “parallel' indicates 

that the angle formed between two straight lines is greater 
than or equal to -10° and less than or equal to 10°, and 
accordingly also includes the case where the angle is greater 
than or equal to -5° and less than or equal to 5°. In addition, 
a term “perpendicular indicates that the angle formed 
between two straight lines is greater than or equal to 80° and 
less than or equal to 100', and accordingly includes the case 
where the angle is greater than or equal to 85 and less than or 
equal to 95°. 

In this specification, the trigonal and rhombohedral crystal 
systems are included in the hexagonal crystal system. 
An oxide semiconductor film is classified roughly into a 

single-crystal oxide semiconductor film and a non-single 
crystal oxide semiconductor film. The non-single-crystal 
oxide semiconductor film includes any of an amorphous 
oxide semiconductor film, a microcrystalline oxide semicon 
ductor film, a polycrystalline oxide semiconductor film, a 
c-axis aligned crystalline oxide semiconductor (CAAC-OS) 
film, and the like. 
The amorphous oxide semiconductor film has disordered 

atomic arrangement and no crystalline component. A typical 
example thereof is an oxide semiconductor film in which no 
crystal part exists even in a microscopic region, and the whole 
of the film is amorphous. 
The microcrystalline oxide semiconductor film includes a 

microcrystal (also referred to as nanocrystal) with a size 
greater than or equal to 1 nm andless than 10 nm, for example. 
Thus, the microcrystalline oxide semiconductor film has a 
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higher degree of atomic order than the amorphous oxide 
semiconductor film. Hence, the density of defect states of the 
microcrystalline oxide semiconductor film is lower than that 
of the amorphous oxide semiconductor film. 
The CAAC-OS film is one of oxide semiconductor films 

including a plurality of crystal parts, and most of the crystal 
parts each fit inside a cube whose one side is less than 100 nm. 
Thus, there is a case where a crystal part included in the 
CAAC-OS film fits inside a cube whose one side is less than 
10 nm, less than 5 nm, or less than 3 nm. The density of defect 
states of the CAAC-OS film is lower than that of the micro 
crystalline oxide semiconductor film. The CAAC-OS film is 
described in detail below. 

In a transmission electron microscope (TEM) image of the 
CAAC-OS film, a boundary between crystal parts, that is, a 
grain boundary is not clearly observed. Thus, in the CAAC 
OS film, a reduction in electron mobility due to the grain 
boundary is less likely to occur. 

According to the TEM image of the CAAC-OS film 
observed in a direction Substantially parallel to a sample 
Surface (cross-sectional TEM image), metal atoms are 
arranged in a layered manner in the crystal parts. Each metal 
atom layer has a morphology reflected by a surface over 
which the CAAC-OS film is formed (hereinafter, a surface 
over which the CAAC-OS film is formed is referred to as a 
formation surface) or a top surface of the CAAC-OS film, and 
is arranged in parallel to the formation Surface or the top 
Surface of the CAAC-OS film. 
On the other hand, according to the TEM image of the 

CAAC-OS film observed in a direction substantially perpen 
dicular to the sample surface (plan TEM image), metal atoms 
are arranged in a triangular or hexagonal configuration in the 
crystal parts. However, there is no regularity of arrangement 
of metal atoms between different crystal parts. 

From the results of the cross-sectional TEM image and the 
plan TEM image, alignment is found in the crystal parts in the 
CAAC-OS film. 
ACAAC-OS film is subjected to structural analysis with an 

X-ray diffraction (XRD) apparatus. For example, when the 
CAAC-OS film including an InCaZnO crystal is analyzed by 
an out-of-plane method, a peak appears frequently when the 
diffraction angle (20) is around 31. This peak is derived from 
the (009) plane of the InGaZnO crystal, which indicates that 
crystals in the CAAC-OS film have c-axis alignment, and that 
the c-axes are aligned in a direction Substantially perpendicu 
lar to the formation surface or the top surface of the CAAC 
OS film. 
On the other hand, when the CAAC-OS film is analyzed by 

an in-plane method in which an X-ray enters a sample in a 
direction Substantially perpendicular to the c-axis, a peak 
appears frequently when 20 is around 56°. This peak is 
derived from the (110) plane of the InGaZnO crystal. Here, 
analysis (cp scan) is performed under conditions where the 
sample is rotated around a normal vector of a sample Surface 
as an axis (cp axis) with 20 fixed at around 56°. In the case 
where the sample is a single-crystal oxide semiconductor film 
of InGaZnO, six peaks appear. The six peaks are derived 
from crystal planes equivalent to the (110) plane. On the other 
hand, in the case of a CAAC-OS film, a peak is not clearly 
observed even when p scan is performed with 20 fixed at 
around 56°. 

According to the above results, in the CAAC-OS film hav 
ing c-axis alignment, while the directions of a-axes and 
b-axes are different between crystal parts, the c-axes are 
aligned in a direction parallel to a normal vector of a forma 
tion Surface or a normal vector of the top Surface. Thus, each 
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metal atom layer arranged in a layered manner observed in the 
cross-sectional TEM image corresponds to a plane parallel to 
the a-b plane of the crystal. 

Note that the crystal part is formed concurrently with depo 
sition of the CAAC-OS film or is formed through crystalliza 
tion treatment such as heat treatment. As described above, the 
c-axis of the crystal is aligned in a direction parallel to a 
normal vector of a formation surface or a normal vector of the 
top surface of the CAAC-OS film. Thus, for example, in the 
case where a shape of the CAAC-OS film is changed by 
etching or the like, the c-axis might not be necessarily parallel 
to a normal vector of a formation Surface or a normal vector of 
the top surface of the CAAC-OS film. 

Further, the degree of crystallinity in the CAAC-OS film is 
not necessarily uniform. For example, in the case where crys 
tal growth leading to the CAAC-OS film occurs from the 
vicinity of the top surface of the film, the degree of the 
crystallinity in the vicinity of the top surface is higher than 
that in the vicinity of the formation Surface in some cases. 
Further, when an impurity is added to the CAAC-OS film, the 
crystallinity in a region to which the impurity is added is 
changed, and the degree of crystallinity in the CAAC-OS film 
varies depending on regions. 

Note that when the CAAC-OS film with an InGaZnO 
crystal is analyzed by an out-of-plane method, a peak of 20 
may also be observed at around 36°, in addition to the peak of 
20 at around 31. The peak of 20 at around 36° indicates that 
a crystal having no c-axis alignment is included in part of the 
CAAC-OS film. It is preferable that in the CAAC-OS film, a 
peak of 20 appear at around 31° and a peak of 20 do not appear 
at around 36°. 

In a transistor using the CAAC-OS film, change in electric 
characteristics due to irradiation with visible light or ultra 
violet light is small. Thus, the transistor has high reliability. 

Note that the oxide semiconductor film may be a stacked 
film including two or more films of an amorphous oxide 
semiconductor film, a microcrystalline oxide semiconductor 
film, and a CAAC-OS film, for example. 

For example, the CAAC-OS film is formed by a sputtering 
method using a polycrystalline oxide semiconductor Sputter 
ing target. When ions collide with the Sputtering target, a 
crystal region included in the Sputtering target might be sepa 
rated from the target along an a-b plane; in other words, a 
sputtered particle having a plane parallel to an a-b plane 
(flat-plate-like sputtered particle or pellet-like sputtered par 
ticle) might be separated from the Sputtering target. In that 
case, the flat-plate-like Sputtered particle reaches a substrate 
while maintaining their crystal state, whereby the CAAC-OS 
film can be formed. 

For the deposition of the CAAC-OS film, the following 
conditions are preferably used. 
By reducing the amount of impurities entering the CAAC 

OS film during the deposition, the crystal state can be pre 
vented from being broken by the impurities. For example, 
impurities (e.g., hydrogen, water, carbon dioxide, or nitro 
gen) which exist in the deposition chamber may be reduced. 
Furthermore, impurities in a deposition gas may be reduced. 
Specifically, a deposition gas whose dew point is -80°C. or 
lower, preferably -100° C. or lower is used. 
By increasing the Substrate heating temperature during the 

deposition, migration of a sputtered particle is likely to occur 
after the sputtered particle reaches a substrate surface. Spe 
cifically, the Substrate heating temperature during the depo 
sition is higher than or equal to 100° C. and lower than or 
equal to 740°C., preferably higher than or equal to 200° C. 
and lower than or equal to 500° C. When the substrate heating 
temperature during the deposition is increased and the flat 
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plate-like Sputtered particle reaches the Substrate, migration 
occurs over the substrate, so that a flat plane of the sputtered 
particle is attached to the substrate. 

Furthermore, it is preferable that the proportion of oxygen 
in the deposition gas be increased and the power be optimized 
in order to reduce plasma damage at the deposition. The 
proportion of oxygen in the deposition gas is 30 vol% or 
higher, preferably 100 vol%. 
As an example of the Sputtering target, an In-Ga—Zn-O 

compound target is described below. 
The In-Ga—Zn-O compound target, which is polycrys 

talline, is made by mixing InO powder, GaO powder, and 
ZnO4 powder in a predetermined molar ratio, applying pres 
Sure, and performing heat treatment at a temperature higher 
than or equal to 1000° C. and lower than or equal to 1500° C. 
Note that X, Y, and Z are each a given positive number. Here, 
the predetermined molar ratio of InC) powder to GaO-pow 
der and ZnO4 powder is, for example, 2:2:1, 8:4:3, 3:1:1, 
1:1:1, 4:2:3, or 3:1:2. The kinds of powder and the molar ratio 
for mixing powder may be determined as appropriate depend 
ing on the desired sputtering target. 
When a transistor including a channel formation region 

formed of the oxide semiconductor described in this embodi 
ment is used, a pixel circuit operating in the global shutter 
system can be easily realized, which makes it possible to 
provide an imaging device with a Small amount of X-rays 
emitted to an object. 

This embodiment can be implemented in appropriate com 
bination with the structures described in the other embodi 
mentS. 

This application is based on Japanese Patent Application 
serial No. 2012-184295 filed with Japan Patent Office on 
Aug. 23, 2012, the entire contents of which are hereby incor 
porated by reference. 
What is claimed is: 
1. An imaging device comprising: 
a Scintillator; and 
a plurality of pixel circuits that is arranged in a matrix with 

plural rows and plural columns and overlaps with the 
Scintillator, the plurality of pixel circuits each compris 
ing: 
a photodiode; 
a charge accumulation portion; 
a first transistor, 
a second transistor, and 
a third transistor, 

wherein one of a source and a drain of the first transistor is 
electrically connected to the photodiode, 

wherein the other of the source and the drain of the first 
transistor is electrically connected to the charge accu 
mulation portion, 

wherein a gate of the second transistor is electrically con 
nected to the charge accumulation portion, 

wherein one of a source and a drain of the second transistor 
is electrically connected to one of a source and a drain of 
the third transistor, 

wherein at least the first transistor includes a channel for 
mation region including an oxide semiconductor, 

wherein an operation of resetting the charge accumulation 
portion is performed Substantially at the same time in the 
plurality of pixel circuits, 

wherein an operation of accumulating an electrical charge 
by the photodiode is performed substantially at the same 
time in the plurality of pixel circuits, 

wherein an operation of reading a signal is sequentially 
performed for each row in the plurality of pixel circuits, 
and 
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wherein gates of the third transistors of the pixel circuits in 

one row are electrically connected to a wiring. 
2. The imaging device according to claim 1, 
wherein the second transistor includes a channel formation 

region including an oxide semiconductor. 
3. The imaging device according to claim 1, 
wherein the third transistor includes a channel formation 

region including an oxide semiconductor. 
4. An imaging device comprising: 
a scintillator, and 
a plurality of pixel circuits that is arranged in a matrix with 

plural rows and plural columns and overlaps with the 
Scintillator, the plurality of pixel circuits each compris 
ing: 
an optical sensor element; 
a charge accumulation portion; 
a first transistor, 
a second transistor, 
a third transistor, and 
a fourth transistor, 

wherein one of a source and a drain of the first transistor is 
electrically connected to the optical sensor element, 

wherein the other of the source and the drain of the first 
transistor is electrically connected to the charge accu 
mulation portion, 

wherein a gate of the second transistor is electrically con 
nected to the charge accumulation portion, 

wherein one of a source and a drain of the second transistor 
is electrically connected to one of a source and a drain of 
the third transistor, 

wherein one of a source and a drain of the fourth transistor 
is electrically connected to the charge accumulation por 
tion, 

wherein each of the first transistor and the fourth transistor 
includes a channel formation region including an oxide 
semiconductor, 

wherein an operation of resetting the charge accumulation 
portion is performed Substantially at the same time in the 
plurality of pixel circuits, 

wherein an operation of accumulating an electrical charge 
by the optical sensor element is performed substantially 
at the same time in the plurality of pixel circuits, 

wherein an operation of reading a signal is sequentially 
performed for each row in the plurality of pixel circuits, 
and 

wherein gates of the third transistors of the pixel circuits in 
one row are electrically connected to a wiring. 

5. The imaging device according to claim 4, wherein the 
second transistor includes a channel formation region includ 
ing an oxide semiconductor. 

6. The imaging device according to claim 4, wherein the 
third transistor includes a channel formation region including 
an oxide semiconductor. 

7. The imaging device according to claim 4, wherein the 
optical sensor element is a photodiode. 

8. The imaging device according to claim 4, wherein the 
optical sensor element includes a pair of electrodes and an 
amorphous silicon layer. 

9. A method for driving an imaging device comprising a 
Scintillator and a plurality of pixel circuits that is arranged in 
a matrix with plural rows and plural columns and overlaps 
with the Scintillator, the steps comprising: 

a first step of performing an operation of resetting a charge 
accumulation portion included in each of the plurality of 
pixel circuits Substantially at the same time; 
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a second step of irradiating the Scintillator with an X-ray so 
that an optical sensor element included in each of the 
plurality of pixel circuits is irradiated with light emitted 
from the scintillator; 

a third step of performing an operation of accumulating an 5 
electrical charge in the charge accumulation portion by 
the optical sensorelement Substantially at the same time; 
and 

a fourth step of sequentially performing an operation of 
reading a signal for each row in the plurality of pixel 10 
circuits, 

wherein the second step is synchronized with the third step. 
10. The imaging device according to claim 9. 
wherein the optical sensor element is a photodiode. 
11. The imaging device according to claim 9. 15 
wherein the optical sensor element includes a pair of elec 

trodes and an amorphous silicon layer. 
k k k k k 
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